Introduction {#Sec1}
============

*Mycobacterium avium* subsp. *paratuberculosis* (MAP) is the causative agent of paratuberculosis or Johne's disease in domestic and wild animals. In cattle, MAP causes chronic enteritis, clinically characterized by diarrhea, weight loss, and progressive emaciation that leads to reduced production and premature culling or death (Mortier et al. [@CR40]). Transmission of MAP is generally initiated with the oral ingestion of MAP bacilli excreted in feces or milk (Derakhshani et al. [@CR20]; Corbett et al. [@CR19]). This infection with MAP often occurs during the first months of life and elicits a slowly progressive inflammatory response in the gastrointestinal tract, not clinically apparent for months or years. Moreover, only a minority of cattle (10--15%) exposed to MAP eventually develop clinical disease (Mortier et al. [@CR40]).

Early stages of MAP infection are defined by the period between oral uptake of MAP and the establishment of a persistent infection within macrophages. Macrophages are primary target cells for MAP persistance and replication (Koets et al. [@CR31]), but they may elicit bactericidal effects in controlling the bacterium. In this host-pathogen interaction, mycobacteria interact with several Toll-like receptors (TLRs) on macrophages, including TLR-2 and TLR-4 (Quesniaux et al. [@CR44]). Signaling of MAP through TLR-2 suppress antimicrobial responses and antigen presentation in macrophages (Weiss et al. [@CR61]). The location of MAP into phagosomes within macrophages aids in the bacterial survival by blocking phagosome acidification and limiting fusion between phagosomes and lysosomes (Sturgill-Koszycki et al. [@CR56]). However, when activated (e.g., by stimulation with interferon gamma (IFN-γ)), macrophages can eliminate intracellular mycobacteria through increased synthesis of pro-inflammatory cytokines (IL-1, IL-6, TNF-α) (Sohal et al. [@CR54]) and lysosomal degradation (Alonso et al. [@CR5]).

Murine models have been key to study MAP pathogenesis. Whereas mice are not natural host of MAP and some mice strains (e.g., C3H) are resistant to MAP infection (Chiodini and Buergelt [@CR14]; Tanaka et al. [@CR57]), experimental challenge with MAP via intraperitoneal (Huntley et al. [@CR29]; Shin et al. [@CR52]), endovenous (Rosseels et al. [@CR47]), and oral (Cooney et al. [@CR18]) routes reproduced histological and immunological features similar to those observed in ruminants (Hines et al. [@CR26]). Moreover, murine macrophages (including phagocytic J774.A1 cells) have been used to decipher host mycobacteria interactions and intracellular growth characteristics of MAP (Kuehnel et al. [@CR32]; Hostetter et al. [@CR28]; Sonawane et al. [@CR55]; Santos et al. [@CR49]). In search for therapeutics that can "instruct" macrophages to control MAP, cathelicidins, small cationic peptides produced by neutrophils, macrophages, and epithelial cells with broad-spectrum antimicrobial activity against bacteria, fungi, and enveloped viruses, are of interest (Zanetti [@CR64]; Holani et al. [@CR27]). Cathelicidins are present in many mammalian species, with several cathelicidins reported in cattle (Young-Speirs et al. [@CR63]). Humans and mice are unique species to study these peptides, as there is only one type of cathelicidins in humans (cathelicidin antimicrobial peptide CAP-18 or leucine-leucine with 37 amino acids residue (LL-37)) and in mice (cathelicidin-related antimicrobial peptide (CRAMP)) (Zanetti [@CR64]). LL-37 is a unique target molecule drug model for mycobacteria related diseases, as it has antimicrobial activity against *M. smegmatis*, *M. bovis* BCG, and *M. tuberculosis* (H37Rv), in both human monocyte-derived macrophages and murine macrophages (Sonawane et al. [@CR55]). However, the role of cathelicidins in MAP, as antimicrobial or immunomodulator, is largely unknown. Thus, we aimed to characterize the fate of MAP in macrophages treated with synthetic LL-37, as a cathelicidin model, to assess its therapeutic potential in controlling MAP infection.

Materials and methods {#Sec2}
=====================

Macrophage {#Sec3}
----------

Roles of cathelicidins in modulating macrophage functions in controlling MAP were studied in murine monocyte/macrophage cells (J774A.1; ATCC® TIB-67™). This adherent monocyte cell line has phagocyte characteristics (Ralph et al. [@CR45]; Hostetter et al. [@CR28]), and it is susceptible to intracellular pathogenic mycobacteria (Hasan et al. [@CR25]; Via et al. [@CR58]). Cells were maintained in Dulbecco's modified Eagle's medium (11995123, Gibco, Thermo Fisher) with 10% fetal bovine serum (FBS) (A3160702; Gicbo, Thermo Fisher), 1% sodium pyruvate (1 mM; 11360070; Thermo Fisher), 1.9% sodium bicarbonate (1 mM; [25080094](https://www.thermofisher.com/order/catalog/product/25080094); Thermo Fisher), L-glutamine and penicillin (100 U/mL), and streptomycin (100 μg/mL; 15140122, Thermo Fisher). Cells were grown in a humidified environment of 95% air and 5% CO~2~ at 37 °C.

*Mycobacterium avium* subsp. *paratuberculosis* {#Sec4}
-----------------------------------------------

MAP strains A1 157 (isolated from a dairy cow with clinical Johne's disease in Alberta, Canada) (Ahlstrom et al. [@CR2], [@CR3], [@CR4]) and K-10 (ATCC BAA-969, isolated from a dairy cow with Johne's disease in Wisconsin), genetically similar, with low diversity and clustered together in the main clade (Ahlstrom et al. [@CR2], [@CR3], [@CR4]) were utilized. Both MAP strains were cultured in Middlebrook (MB) 7H9 medium containing 0.2% glycerol, 10% oleic acid-dextrose-catalase (OADC), and mycobactin J (2.0 mg/L) (Allied Monitor) at 37 °C, in a shaking incubator at 120 rpm. To visualize the mycobacteria inside macrophages, MAPs expressing green fluorescent protein (GFP) were obtained by the transformation of the wild-type strains with a recombinant (pWES-4) plasmid expressing the GFP (Parker and Bermudez [@CR42]). GFP MAPs were selectively cultured adding kanamycin (100 μg/mL). Both MAP K10 GFP (Parker and Bermudez [@CR42]) and MAP A1 157 GFP were comparatively evaluated through macrophage invasion to confirm the MAP virulence after transformation. Cultured MAP concentration (bacteria/mL) was calculated by turbidity absorbance at 600 nm (OD~600~ 0.5 equivalent to 1 × 10^8^ cells/mL) (Lamont et al. [@CR33]).

Co-culture of macrophages and MAP {#Sec5}
---------------------------------

Macrophages were seeded at 1 × 10^5^ cells/well (12-well plates; Greiner Bio-One) for transcriptional gene expression and ELISAs and at 1 × 10^4^ cells/chamber (8-well chambers) for confocal immunofluorescence microscopy. Wells were examined by phase-contrast microscopy to confirm macrophage adherence. MAP culture (wild-type or GFP-expressing strains) was pelleted (1350*g*, 10 min) and washed several times in sterile phosphate-buffered saline (PBS). The pellet was dissolved in Dulbecco's modified Eagle's medium, vortexed (5 min) and repeatedly drawn through a sterile 20-gauge needle.

Macrophage were pretreated with synthetic recombinant LL-37 (H6224, Bachem) (2--10 μM; 1 h) or inert control, washed several times in sterile PBS and challenged with MAP multiplicities of infections (MOIs) 1 and 5. MOIs were confirmed by MAP quantitative PCR (qPCR) as 1.6 × 10^5^ and 4.3 × 10^5^ for MOI 1 and 5, respectively. Cells were incubated for up to 24 h at 37 °C in a humidified environment (95% O~2~ and 5% CO~2~), washed with PBS and further processed for RNA extraction or imaging. To obtain factors secreted from macrophages infected with MAP, supernatants were collected, centrifuged (1350*g*; 15 min, 4 °C) and pellets discharged.

Intracellular identification of MAP in macrophages {#Sec6}
--------------------------------------------------

Macrophages infected with GFP-MAP were rinsed with PBS and 200 μL of diluted trypan blue 0.2% (*w*/*v*) were added (10--15 s) to quench fluorescence of non-internalized bacteria. Macrophages were fixed in formaldehyde solution 3.7% (*v*/*v*) (10 min, room temperature (RT)), rinsed in cold PBS, blocked with PBS and 1% (*w*/*v*) bovine serum albumin (20 min, RT) and rinsed with PBS. Macrophages were incubated with Alexa Fluor® 568 phalloidin (A12380, Thermo Fisher) (20 min, RT), rinsed in cold PBS and blotted (30 min, RT) with nuclei counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher). Sections were rinsed with cold PBS and mounted with ProLong® Gold reagent (Thermo Fisher). Slides were examined using a FluoView FV1000 confocal immunofluorescence microscope (Olympus). Non-infected macrophages were prepared in parallel as negative controls. Stacks of 10 z-plane images (1 mm apart) were captured to verify the intracellular location of MAP. The number of intracellular GFP MAP per macrophage was calculated as the ration of the green mean fluorescence intensity (MFI) (i.e., MAP)/DAPI (nucleus) positive cells. At least 5 randomly chosen images were counted from each treatment. A Java-based image processing program (ImageJ, National Institutes of Health) was used for image analysis (Schneider et al. [@CR51]; Rueden et al. [@CR48]).

MAP burden {#Sec7}
----------

MAP clearance in macrophages stimulated with cathelicidins was determined by MAP F57 gene quantification. Bacterial DNA was extracted from culture medium (175 μL) from macrophages stimulated with synthetic recombinant LL-37 (H6224, Bachem) (10 μM; 1 h) or inert control, washed several times in sterile PBS and challenged with MAP (MOIs 1 and 5) for up to 24 h at 37 °C in a humidified environment (95% O~2~ and 5% CO~2~). Bacterial DNA was extracted using a total nucleic acid isolation kit (MagMAX, Applied Biosystems) and stored at − 20 °C until assayed. MAP was quantified by duplex qPCR targeting the MAP- F57 region and an internal amplication control with specific primers and probes (Slana et al. [@CR53]). qPCR run was performed using a CFX96 thermocycler (Bio-Rad). Samples were run in duplicate. A plasmid standard curve containing the single copy F57 region cloned into pCR 2.1 cloning vector (Invitrogen) was used to estimate the amount of MAP (Slana et al. [@CR53]). Plasmid concentration was estimated using Qubit Fluorometric Quantification (Invitrogen).

To assess direct microbicidal effects of cathelicidins, MAP (10^5^ CFU/mL) was incubated with synthetic LL-37 (up to 50 μM) for 2 h at 37 °C in a humidified environment (95% O~2~ and 5% CO~2~). *Escherichia coli* (10^5^ CFU/mL) was used as a control known cathelicidin susceptible bacteria. Bacteria viability survival was evaluated with rapid epifluorescence live/dead staining (BacLight™, Thermo Fisher) in a fluorescent microscopy and quantified by ImageJ.

Gene expression of cytokines and host defense peptides in macrophages {#Sec8}
---------------------------------------------------------------------

Relative transcriptional messenger gene (mRNA) expression of pro-inflammatory cytokines, (TNF-α, IL-8, IFN-γ, IL-1β, IL-10), host defense peptides (β-defensin DEF4, cathelicidin CAMP), and TLRs (2 and 4) from macrophages were quantified by real-time quantitative PCR (RT qPCR) using a CFX-96 real-time PCR system (Bio-Rad). Total RNA from cells was isolated using TRIzol reagent (15596018, Invitrogen, Thermo Fisher). Complementary DNA (cDNA) was prepared from 1 μg of total RNA using Moloney murine leukemia virus reverse transcriptase (qScript cDNA synthesis; 101414-098 Quantabio). Quality and quantity of resulting RNA and cDNA were determined using a NanoVue Spectrophotometer (GE Healthcare). Each reaction mixture contained 100 ng of cDNA, 1X SsoAdvanced Universal SYBR Green Supermix (Bio-Rad), and 0.5 μM of each specific primer, in a final volume of 10 μL. Mouse primers for TNF-α (PPM03113G), IL-8 (CXCL1; PPM03178F), IFN-γ (PPM03121A), IL-1β (PPM03109F), IL-10 (PPM03017C), β-defensin 4 (DEF4) (PPM36469A), CAMP (PPM25023A), TLR-2 (PPM04220B), TLR-4 (PPM04207F), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (PPM02946E) (RT^2^ qPCR Primer Assay, Qiagen) were used. Reaction mixtures were incubated for 95 °C for 5 min, followed by denaturation for 5 s at 95 °C and combined annealing/extension for 10 s at 60 °C (total of 40 cycles). Negative controls for cDNA synthesis and PCR procedures were consistently included. The RT-qPCR efficiency for all the primer sequences was previously verified (nearly 100%) from the slope in a linear regression model according to the equation: efficiency = 10 (− 1/slope) − 1 in agreement with the MIQE guidelines (Bustin et al. [@CR13]). *R*^2^ values were calculated using 10-fold serial dilutions of cDNA. Values of target mRNA were corrected relative to the housekeeping gene coding GAPDH. Non-infected and untreated (no cathelicidin) cells were used as controls for qPCR. Data were analyzed using the 2^−ΔΔCT^ method and results reported as mean fold change of target transcription levels.

Protein determination of cytokines and TLRs in macrophages {#Sec9}
----------------------------------------------------------

Concentrations of secreted TNF-α, IL-8, and INF-γ proteins in supernatants of macrophages exposed to MAP were determined with a mouse cytokine assay (Quantikine® ELISA, R&D). Absorption data, read at 450/540 nm, with background absorption taken into account, were plotted on a standard curve to obtain corresponding concentrations.

Intracellular protein levels of TLR-2 was determined by western blotting in macrophages exposed to MAP. Cells were lysed in denaturing cell extraction buffer (DCEB; Invitrogen) and the protein concentrations determined by BCA assays (Pierce BCA protein assay kit, Thermo Scientific). Each sample (15 μg protein) was mixed 1:1 with Laemmli sample buffer and separated on 10% SDS-PAGE gels. Proteins were transferred onto a PVDF membrane (Bio-Rad) activated with methanol. The membrane was blocked (1 h, RT) with 5% skim milk powder dissolved in Tris-buffered saline plus 0·1% Tween 20 solution (TBST). Membranes were probed (overnight, 4 °C) with anti-murine TLR-2 (E1J2W, 13744, Cell Signaling Technology; 1:1000) or anti-GAPDH (CB1001, Calbiochem; 1:1000) antibodies. After incubation (2 h, RT) with a horseradish-peroxidase conjugate secondary anti-mouse antibody (115--035--146, Jackson ImmunoResearch; 1:10,000), blots were developed (Clarity Western ECL Detection System, Bio-Rad). The image captures and densitometric analyses were performed with the ChemiDoc MP Imaging system and ImageLab 4·0·1 software (BioRad), respectively. Normalization was done with reference to the GAPDH lane protein. Results are reported as mean fold change of target expression in infected groups compared with an uninfected control group.

Cytotoxic effect on macrophages exposed to MAP and cathelicidins {#Sec10}
----------------------------------------------------------------

A lactate dehydrogenase (LDH) assay was performed on macrophages stimulated with cathelicidin and infected with MAP (Pierce™ LDH Cytotoxicity Assay Kit, Thermo Fisher) to determine cell survival. Optical density readings (490/680 nm) were converted to LDH microunits, based on a standard curve.

Statistical analyses {#Sec11}
--------------------

Analytical data represented as histograms were recorded as mean values with bars representing standard errors of the mean (SEM) from a minimum of two independent experiments, with data obtained in triplicates, unless otherwise mentioned. Normality was assessed using D'Agostino & Pearson omnibus normality or Shapiro-Wilk (Royston) tests. All comparisons were performed using either two-sided unpaired Student's *t* test (treated versus control) or one-way analysis of variance (ANOVA) with a post hoc Bonferroni correction for multiple group comparisons. All statistical analyses were performed with GraphPad Prism software (GraphPad 7.0). *p \<* 0.05 was considered significant.

Results {#Sec12}
=======

MAP rapidly colonized murine macrophages {#Sec13}
----------------------------------------

Rapid internalization of MAP was shown in macrophages challenged by MAP that expressed green fluorescent protein (GFP). The A1 157 GFP-MAP was identified in the cytoplasm of macrophages, contained within actin boundaries, as early as 3 h (Fig. [1a--h](#Fig1){ref-type="fig"}) and persisted until 24 h postinfection. An intracellular MAP distribution throughout the cell cytoplasm as intact bacillus once engulfed by macrophages was confirmed by X-Z-stack images (Fig. [1](#Fig1){ref-type="fig"} h and i). A quickly (3 h) internalization of MAP into J774.A1 cells was further verified in a genetical similar MAP strain (K-10; pWes4) (Suppl Fig. [1](#Fig6){ref-type="supplementary-material"}). Taken togheter, we confirmed this murine phagocytic cell line is susceptible to MAP infection and that A1 157 MAP transformation with GFP plasmid did not affects its invasive virulence.Fig. 1MAP was immunolocalized inside macrophages. **a**--**d** GFP-MAP (A1 157) (green) (MOI 5) was identified by confocal immunofluorescence in murine macrophages at 3 h in comparison to control MOI 0. Macrophages were counterstained with phalloidin, which binds actin cytoskeleton (red) and DAPI as a nucleus maker (blue). Representative images for 3 independent experiments. Scale bar = 50 μm. **e**--**i** Internalization of MAP within macrophages. The enclosed dashed rectangle represents a higher magnification of a *x*-*z*-plane image (a stacks of 10 images 1 mm apart). Scale bar = 50 μm

Synthetic LL-37 reduced MAP presence within macrophages {#Sec14}
-------------------------------------------------------

It has been demonstrated that exogenous cathelicidin (LL-37) reduces intracellular survival of *M. smegmatis*, *M. tuberculosis*, and *M. bovis* BCG in macrophages (Sonawane et al. [@CR55]); however, antibacterial effect of cathelicidin on MAP has not been reported. We found macrophage pretreated with increased doses of synthetic recombinant LL-37 showed decreased intracellular presence of MAP (MOI 1) at 3 (Fig. [2](#Fig2){ref-type="fig"} a--a"', b--b"', c--c"', and d--d"') and 24 h postinfection. This reduced MAP presence into macrophages stimulated by cathelicidin (i.e., reduced MFI green fluorescence MAP intensity per macrophage) was significant with higher doses of LL-37 (5 and 10 μM) at 3 h postinfecction (*p* \< 0.05) (Fig. [2e](#Fig2){ref-type="fig"}). Reduced intracellular MAP in macrophages stimulated by cathelicidin was confirmed by the quantification of MAP (F57) DNA. MAP burden was lesser in macrophages pretreated with LL-37 with significant differences for high MAP challenge (MOI 5) at 3 and 24 h postinfection (*p* \< 0.05) (Fig. [3a](#Fig3){ref-type="fig"}).Fig. 2(a--d"') Pretreatment with LL-37 cathelicidins reduced GFP-MAP burden in macrophages. GFP-MAP (K10) (green) was cultured with macrophages pretreated with LL-37 (up to 10 μM; 1 h) for 3 h. Macrophages were counterstained with phalloidin, which binds actin (red) and DAPI as a nucleus marker (blue). Representative images for 3 independent experiments. Scale bar = 100 μm. (e) Mean fluorescence intensity (MFI) of MAP internalized in macrophages pretreated with cathelicidins. MFI was calculated as the ration between GFP-MAP (green) fluorescence MAP intensity/number of macrophages (5 fields/treatment; *n* = 3 independent experiments done in triplicate). \**p* \< 0.05Fig. 3Cathelicidin LL-37 reduced quantitative burden of MAP. (a, b) MAP DNA was quantified by qPCR in macrophages stimulated with synthetic LL-37 (10 μM; 1 h) and challenged with MAP (MOIs 1 and 5) for up to 24 h. The estimated values represent the averages for two separate qPCR experiments targeting MAP F57 DNA. (c--c") Live MAP (10^5^ CFU/mL) was directly incubated with synthetic LL37 (up to 50 μM; 2 h) or inert control solution. Fluorescent microscopic images were taken from representative cathelicidin treated and untreated bacteria subjected to live (green) or dead/damaged (red) by a bacterial viability assay (Live/Dead Backlight © stain). Scale bar = 100 μm. Relative ratio of live/dead bacteria were quantified from 5 different images using ImageJ

To understand the reduced MAP burden in macrophages stimulated by cathelicidins, a direct microbicidal effect of the peptide was investigated by live/dead bacterial viability staining. Synthetic LL-37 at a dose of 10 μM did not kill MAP whereas high dosage of cathelicidin (50 μM) revealed some bactericidal effect on MAP (≈ 50%) (Fig. [3b](#Fig3){ref-type="fig"}). Same cathelicidin doses (10 and 50 μM) killed (\> 90%) *E. coli*, a known cathelicidin susceptible bacteria (data not shown). The doses used of synthetic LL-37 (up to 50 μM) did not cause macrophage cell damage or death as determined by the microscopical observation of healthy macrophages (Suppl Fig. [2a--b](#Fig7){ref-type="supplementary-material"}"') and a insignificant LDH release compared to control (Suppl Fig. [2c](#Fig7){ref-type="supplementary-material"}) after infection with MAP (A1 157, MOIs 1 and 5) for up to 24 h. These studies confirmed cathelicidin reduces the MAP load in macrophages, albeit without killing the host cell or directly killing the bacterium.

LL-37 modulated early synthesis of pro-inflammatory cytokines in macrophages challenged by MAP {#Sec15}
----------------------------------------------------------------------------------------------

Macrophages exposed to inflammatory stimuli secrete a signature array of pro-inflammatory cytokines, including IFN-γ, IL-8, TNF-α, and IL-1β, which increase vascular permeability and recruit inflammatory cells to the site of infection (Janeway and Medzhitov [@CR30]; Boucher et al. [@CR11]). MAP infection induces in vitro strong production of IFN-γ and TNF-α in human (THP-1) macrophages (Wang et al. [@CR59]). We showed that whereas MAP induced transcriptional mRNA synthesis of TNF-α in murine macrophages (peak with MOI 5; 3 h) (*p* \< 0.05, Fig. [4a, b](#Fig4){ref-type="fig"}), pretreatment with synthetic LL-37 reduced TNF-α synthesis in response to live MAP (MOI 5; 3 and 24 h) (*p* \< 0.05, Fig. [4a, b](#Fig4){ref-type="fig"}). Moreover, concentrations of secreted TNF-α were lower in macrophages exposed to MAP and pretreated with LL-37 (385 and 957 pg/mL at 3 and 24 h, respectively) than in challenged macrophages without cathelicidins (464 and 1193 pg/mL; Fig. [4c, d](#Fig4){ref-type="fig"}).Fig. 4Cathelicidin LL-37 modulated the production of TNF-α and IL-8 on macrophages infected by MAP. Transcriptional gene expression and secretion of TNF-α (**a**--**d**) and IL-8 (**e**--**h**) were determined in MAP-infected macrophages pretreated with LL-37 (2 μM; 1 h). Expression of mRNA was quantified with qRT-qPCR. Secreted proteins were determined with ELISA. Means ± SEM are shown (*n* = 3 independent experiments done in triplicate). \**p* \< 0.05 compared to the untreated control at same MOI. \#*p* \< 0.05 compared with MOI 0

Directional movement of leukocytes into the site of infection is mostly regulated by a C-X-C motif containing chemokine ligand 8 (CXCL8; IL-8) (Janeway and Medzhitov [@CR30]). Thus, we determined whether exogenous cathelicidins modulated neutrophil factor IL-8 synthesis in macrophages as a defensive mechanism. MAP induced a delayed IL-8 transcriptional gene response (MOI 5; 24 h); this was further increased by pretreatment with synthetic LL-37 (MOI 5, mostly at 24 h) as compared to untreated MAP-infected macrophages (*p* \< 0.05, Fig. [4e, f](#Fig4){ref-type="fig"}). LL-37 induced slight decrease in IL-8 transcriptional gene in macrophages challenged with low MAP doses (MOI 1) (*p* \> 0.05; Fig. [4e, f](#Fig4){ref-type="fig"}). The levels of secreted IL-8 were not significant different among treatments (Fig. [4g, h](#Fig4){ref-type="fig"}).

Cellular responses induced by IFN-γ (e.g., autophagy, lysosomal degradation) are indispensable for resistance to intracelullar pathogens, including MAP (Burger et al. [@CR12]). In the present study, pretreatment with LL-37 in MAP-infected macrophages reduced IFN-γ transcriptional gene expression to baseline levels (MOI 1; 3 h; *p* \< 0.05, Fig. [5a](#Fig5){ref-type="fig"}). Only a slight transcriptional IFN-γ gene downregulation was observed in macrophages pre treated with LL-37 (2 μM) and challenged with high MAP doses (MOI 5 at 3 h and 24 h) (*p* \> 0.05; Fig. [5a, b](#Fig5){ref-type="fig"}). The levels of secreted IFN-γ were undectable (data not shown).Fig. 5Expression of IFN-γ, TLR-2, and TLR-4 on macrophages infected by MAP pretreated with cathelicidin LL-37. Transcriptional gene/protein expression of IFN-γ (**a**, **b**), TLR-2 (**c**--**e**), and TLR-4 (**f**, **g**) was determined in MAP-infected macrophages (for 3 and 24 h postinfection) pretreated with LL-37 (2 μM; 1 h). Expression of mRNA was quantified with RT-qPCR. Proteins were determined with western blotting for TLR-2. Means + SEM are shown (*n* = 3 independent experiments done in triplicate). \**p* \< 0.05 compared to the untreated control at same MOI. \#*p* \< 0.05 compared with MOI 0

Endogenous IL-1β, cleaved by cytosolic caspases to form mature IL-1β that promotes inflammation and apoptosis (Janeway and Medzhitov [@CR30]) and IL-10, an anti-inflammatory cytokine that decreased ability of macrophages to kill MAP (Weiss et al. [@CR60]), are hallmark cytokines during paratuberculosis. IL-1β was increased at gene transcription levels in MAP-infected macrophages in the first 24 h but cathelicidin pretreatment had no effect (Suppl Fig. [3a-b](#Fig8){ref-type="supplementary-material"}). IL-10 remained unaltered after cathelicidin and/or MAP challenge (Suppl Fig. [3c-d](#Fig8){ref-type="supplementary-material"}). Host defense peptides, e.g., β-defensins and cathelicidins, are of importance due to their ability to kill invading pathogens and to modulate immune defenses (Zanetti [@CR64]; Cobo et al. [@CR15], [@CR16]). However, MAP did not induce endogenous transcriptional gene expression of β defensin-4 and CAMP in macrophages during the first 24 h (Suppl Fig. [3e-f](#Fig8){ref-type="supplementary-material"}). Taken together, cathelicidin stimulation induced macrophages to produce less pro-inflammatory TNF-α and IFN-γ but increased IL-8 when invaded by MAP.

LL-37 downregulated expression of TLR-2 in macrophages infected by MAP {#Sec16}
----------------------------------------------------------------------

Signaling through TLR-2 and TLR-4 regulates phagosome trafficking and antimicrobial and inflammatory responses in mononuclear phagocytes infected by MAP (Lee et al. [@CR36]; Weiss et al. [@CR61]). Herein, MAP quickly (MOI 5; 3 h) induced higher transcriptional gene expression of TLR-2 in macrophages (*p* \< 0.05, Fig. [5c, d](#Fig5){ref-type="fig"}). This TLR-2 gene response was abolished by pretreatment with synthetic LL-37 (*p* \< 0.05; Fig. [5c](#Fig5){ref-type="fig"}). No TLR-2 response or cathelicidin effect was noticed at later points after MAP challenge (MOI 1, 24 h) (Fig. [5d](#Fig5){ref-type="fig"}). Effects on TLR-2 in macrophages by MAP or LL-37 did not correspond to significant variations in the total level TLR-2 protein (*p* \> 0.05 Fig. [5e](#Fig5){ref-type="fig"}). For TLR4, mRNA transcription was reduced in macrophages during early MAP infection (MOI 5, 3 h) (*p* \< 0.05, Fig. [5f, g](#Fig5){ref-type="fig"}) and only a slight TLR4 gene upregulation was observed in LL-37 pretreate cells MAP (MOI 1 and 5, at 3 and 24 h) (*p* \> 0.05; Fig. [5f, g](#Fig5){ref-type="fig"}).

Discussion {#Sec17}
==========

In this study, synthetic human cathelicidin LL-37 reduced intracellular burden of MAP in macrophages and mitigated production of pro-inflammatory cytokines, likely by impairing TLR-2 signaling. This occurred in murine J774A.1 macrophages, a cell line receptive to intracellular mycobacterias, including MAP (Hostetter et al. [@CR28]; Zur Lage et al. [@CR65]) as well as *M. avium* and *M. tuberculosis* (Anes et al. [@CR6]). Whereas high doses (i.e., MOI 10) (Kuehnel et al. [@CR32]; Hostetter et al. [@CR28]; Lamont et al. [@CR34], [@CR35]; Bannantine et al. [@CR8]) and lower doses (MOI 1 and 5) (Periasamy et al. [@CR43]; Donnellan et al. [@CR21]) of MAP are biologically relevant and had been tested in murine (J774A.1) macrophages and cultured bovine monocyte-derived macrophages, lower MAP challenge was choosen to better represent early natural infection and detect host cells innate reponses to exogenous cathelicidin.

Effects of cathelicidin controlling mycobacterial infections in macrophages have been reported. Endogenous overexpression of murine cathelicidin and synthetic human LL-37 (and derived LLKKK-18) increased intracellular killing of *M. smegmatis*, *M. bovis*, and *M. tuberculosis* in murine macrophages (Sonawane et al. [@CR55]). However, the antibacterial effect of LL-37 on MAP described here is novel. We found synthetic LL-37 at doses (up to 10 μM) below half-maximal inhibitory concentration (IC~50~) (Sonawane et al. [@CR55]) reduced MAP burden in macrophaghes as detected by MAP specific qPCR counting and internalized MAP by confocal microscopy. Moreover, we demonstrated that this cathelicidin dose (up to 10 μM) has no relevant direct anti-mycobacterial effects on MAP. This finding suggests an immunomodulatory role of exogenous LL-37 increasing the antibacterial defenses in macrophages. Such immunomodulatory effects of low doses of LL-37 have been reported. For instance, low LL-37 dosage (\< 1 μM) inhibited TNF-α release from LPS-induced macrophages (Mookherjee et al. [@CR39]). Noteworthy, the tested LL-37 concentrations were physiologic, similar to those found in mucosal surfaces in humans (0.5--4 μM) (Schaller-Bals et al. [@CR50]), suggesting this function of cathelicidins modulating macrophage behavior may occur in natural conditions. Higher doses of LL-37 (\> 5, up to 20 μM) have been found also detrimental for mycobacteria (Sonawane et al. [@CR55]), and we showed LL-37 at 50 μM directly killed some MAP. However, such high doses of cathelicidin with direct killing effect may concur with cytotoxic side outcomes. Thus, the role of cathelicidin stimulating macrophage functions rather than bactericidal effects is of special interest in developing new anti-infectious therapeutics. Regarding naturally occurring host defense peptides, transcriptional gene levels of cathelicidins and related host defense β-defensin in macrophages did not change during the first 24 h after MAP infection. In contrast, other mycobacteria, *M. smegmatis* and *M. bovis* (BCG), upregulated endogenous synthesis of cathelicidins in murine macrophages as early as 1 to 3 h, followed by a rapid decrease after 24 h (Sonawane et al. [@CR55]). MAP may require longer exposure to induce endogenous cathelicidin-coding gene expression in macrophages or MAP has pathogenic mechanisms to prevent effective innate immune responses.

TLR-2 is key in mycobacterial pathogenesis; it may facilitate engulfment of the bacterium into the cytosol (Fournier [@CR23]) and trigger production of pro-inflammatory cytokines/chemokines and reactive oxygen species (Yang et al. [@CR62]). In the present study, exogenous LL-37 downregulated the early gene expression of TLR-2 in murine macrophages with no detectable changes in total TLR-2 protein. Reduced TLR-2 availability in macrophages exposed to exogenous cathelicidins may be responsible for impaired engulfment of MAP and thus indirectly reduce immune inflammatory responses, although the surface protein variations may not be noticed by western blotting. Mycobacterial cell wall lipoproteins such as mannosylated lipoarabinomannan may be TLR-2 agonists (Gomes et al. [@CR24]) and initiate signaling though the MAPK-p38 pathway (Arsenault et al. [@CR7]). In fact, a specific lipopeptide (19 kDa) isolated from *M. tuberculosis* stimulated TLR-2 in macrophages and up-regulated expression of vitamin D receptor, leading to cathelicidin synthesis and killing of intracellular mycobacteria (Liu et al. [@CR37]). Furthermore, TLR-2 signaling promoted endogenous cathelicidin gene expression in murine bone marrow-derived macrophages exposed to *M. avium* (Santos et al. [@CR49]) and in human macrophages (THP-1) challenged by *M. tuberculosis* (Yang et al. [@CR62]). Equally important for MAP signaling, TLR-4 has been implicated in pro-inflammatory cytokine production during MAP infection in human and murine macrophages (Ferwerda et al. [@CR22]) and antigen-presenting cells (Lee et al. [@CR36]). However, our study did not find TLR-4 gene expression modification by synthetic cathelicidins. Dysregulated expression of TLR-2 and TLR-4 (i.e., polymorphisms or mutations) made cattle more susceptible to Johne's disease (Mucha et al. [@CR41]). Thus, the proposed role of synthetic LL-37 modulating certain TLRs in macrophages during MAP infection (e.g., TLR-2) may have therapeutic potential in genetically vulnerable cattle.

Increased production of TNF-α in response to MAP occurs in a range of cells, including bovine macrophages (Colavecchia et al. [@CR17]), human macrophages and epithelial cells (Wang et al. [@CR59]), and murine dendritic cells (Lee et al. [@CR36]). Exaggerated secretion of TNF-α contributes to inflammatory damage during MAP infection, including granuloma formation in the ileum (portal of entry for mycobacteria) and in wasting disease (Adams and Czuprynski [@CR1]). Moreover, anti-TNF-α therapeutics for treating related chronic diseases (Crohn's disease) are associated with lesser mucosal inflammation and granuloma formation (Berns and Hommes [@CR10]). In the present study, we found cathelicidin significatively reduce TNF-α mRNA and slightly secreted protein levels. Differences in cytokine kinetic between gene transcription and protein synthesis are indicative that longer exposure with cathelicidins (or higher doses) may be needed to suppress the protein synthesis. This cathelicidin-driven anti-TNF-α effect may have clinically relevant anti-inflammatory activity in Johne's disease, reducing tissue damage induced by MAP-activated macrophages. Another key pro-inflammatory cytokine, IFN-γ, was also disminished by exogenous cathelicidin in macrophages infected with MAP. There was synergy between IFN-γ and TLR-2 ligands to upregulate cathelicidin expression in human monocytes and macrophages (Rode et al. [@CR46]). Consequently, suppression of IFN-γ and TLR-2 gene expression by exogenous LL-37 could prevent endogenous cathelicidin production. In addition, reduced TNF-α production in macrophages treated with LL-37 may further contribute to reduced synthesis of endogenous cathelicidin, as TNF-α knockdown mice infected with *M. avium* had reduced cathelicidin expression (Santos et al. [@CR49]).

In the present study, MAP induced IL-8 in macrophages, whereas LL-37 caused further increases in macrophage-derived IL-8 mRNA. Increases in secreted IL-8 protein levels may need longer or higher doses of cathelicidins, or this macrophage type model secretes limited amount of pro-inflammatory cytokines. In agreement, synthetic LL-37 increased synthesis of IL-8 in colonic epithelial cells exposed to Gram-negative bacteria (Marin et al. [@CR38]), whereas MAP rapidly induced macrophage-derived IL-8 (Weiss et al. [@CR60]). Chemokine IL-8, a neutrophil factor expressed by both hematopoietic (neutrophils and macrophages) and nonhematopoietic cells, promotes rapid migration of leukocytes into an infected site and aids pathogen elimination. Consequently, LL-37 may confer protection against MAP-related diseases by inducing IL-8 and chemoattracting lymphocytes and neutrophils to the site of infection.

In conclusion, synthetic LL-37 cathelicidin limited MAP invasion in macrophages by downregulating expression of TLR-2 and decreasing synthesis of TNF-α, IFN-γ, and IL-8, hallmarks of gut inflammation in Johne's disease. In the absence of effective anti-MAP therapeutics and limited success of vaccine development (Barkema et al. [@CR9]), this study yielded new knowledge regarding pathogenesis of MAP infection and potential antibacterial and anti-inflammatory roles of synthetic cathelicidins. Administration of exogenous cathelicidins when endogenous production is not sufficient or impaired, due to a pathogen-evasion mechanism, may promote defensive mechanisms on macrophages against mycobacteria. The therapeutic use of cathelicidins to prevent diseases, such as Johne's disease, still remains unknown. Whereas our study in a murine macrophage line indicates cathelicidin may prevent MAP infection, protective effects of cathelicidins need to be confirmed in the natural host (e.g., bovine macrophages).
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Supplementary Figure 1**Confocal immune localization of MAP inside macrophages**. GFP-MAP (K-10) (green) (MOI 5) was identified in murine macrophages at 3 h in comparison to control MOI 0. Macrophages were counterstained with phalloidin, which binds actin cytoskeleton (red) and DAPI as a nucleus maker (blue). Representative images for 3 independent experiments. Scale bar = 100 μm. (PNG 753 kb) High resolution image (TIFF 7357 kb) Supplementary Figure 2**The used doses of LL-37 are not cytotoxic in primary macrophages (a-b")** Visualization by optical microscopy of murine monocyte-derived (J774A.1) macrophages stimulated with LL-37 (2 μM; 1 h) and exposed to MAP (K-10) for up to 24 h. Scale bar = 60 μm. (**c**). The level of LDH release determined by ELISA from (J774A.1) macrophages treated with LL-37 (up to 50 μM; 1 h). Each column is an average of three individual LL-37 treatment. (PNG 859 kb) High resolution image (TIFF 6611 kb) Supplementary Figure 3**Expression of IL-1β, IL-10, β defensin-4 and CAMP on macrophages infected by MAP pre-treated with cathelicidins.** Transcriptional gene expression of IL-1β (a-b), IL-10 (c-d) and β defensin-4 (e-f) was determined in MAP-infected macrophages pre-treated with LL-37 (2 μM; 1 h). mRNA expression was quantified with RT-qPCR. Means [+]{.ul} SEM are shown. \#*p* \< 0.05 compared with MOI 0. (PNG 195 kb) High resolution image (TIFF 8834 kb)
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